In a sample of 6,156 sequences from 4,183 persons, the top 30 patterns of protease inhibitor, nucleoside reverse transcriptase (RT) inhibitor, and nonnucleoside RT inhibitor mutations accounted for 55, 46, and 66%, respectively, of sequences with drug resistance mutations. Characterization of the phenotypic and clinical significance of these common patterns may lead to improved treatment recommendations for a large proportion of patients for whom antiretroviral therapy is failing.
The optimal regimens for the initial treatment of human immunodeficiency virus type 1 (HIV-1) infection have become increasingly well defined (6) . However, the management of persons who develop HIV-1 drug resistance or who are infected primarily with a drug-resistant virus remains a clinical challenge. Genotypic testing for HIV-1 drug resistance is useful for selecting antiretroviral drugs for patients developing treatment failure, but the optimal means for interpreting genotypic tests is not known because many HIV-1 protease and reverse transcriptase (RT) mutations contribute to drug resistance.
To identify common combinations of drug resistance mutations and to determine their contribution to the burden of HIV-1 drug resistance, we examined HIV-1 protease and RT sequences from a clinic-based population tested at Stanford University Hospital. Identifying common patterns of drug resistance mutations is important for determining which mutation patterns should be examined for their phenotypic and clinical significance.
Patients, sequences, mutations, and drug susceptibility data. Between July 1997 and September 2003, 6,153 protease sequences and 6,156 RT sequences were determined for HIV-1 isolates from 4,183 persons in Northern California at the request of their physicians. Two thousand, nine hundred forty-seven persons had one sequence. Seven hundred ninetyeight persons had 2 sequences, 257 persons had 3 sequences, and 181 persons had 4 or more sequences. Forty-nine sequences from 32 persons belonged to a non-B subtype, including 27 subtype C sequences, 15 subtype A sequences, and 7 subtype D sequences.
Protease inhibitor (PI) resistance mutation patterns were defined by mutations at 14 nonpolymorphic protease positions associated with PI resistance: positions 24 Drug resistance mutations at polymorphic protease positions (positions10, 20, 33, 36, 63, 71, 77, and 93) were not used to define PI mutation patterns. Two common polymorphisms at NNRTI resistance positions, A98S and V179I (5), were not used to define NNRTI mutation patterns. Drug resistance mutations consisting of mixtures of wild-type and mutant variants were classified as mutant. Sequences with a mixture of more than one drug resistance mutation at the same position were excluded from analysis.
Drug susceptibility data obtained with the PhenoSense assay (ViroLogic, South San Francisco, Calif.) (4) on isolates matching specific mutation patterns were obtained from the Stanford HIV RT and Protease Sequence Database (5).
Summary of drug resistance mutations. Of 6,153 isolates, 21.3% had no drug resistance mutations, 22.6% had mutations associated with resistance to one drug class (15.4% NRTI, 5.7% NNRTI, and 1.5% PI), 34.3% had mutations associated with resistance to two drug classes (20.8% NRTI and PI, 12.4% NRTI and NNRTI, and 1.1% NNRTI and PI), and 21.8% had mutations associated with resistance to three drug classes.
PI patterns. Among the 6,153 protease sequences, 2,934 (47.7%) had a mutation at one or more of the 14 nonpolymorphic PI resistance positions. Of these sequences, 139 (4.7%) had a mixture of two mutations at the same position and were excluded from analysis. The top 30 PI patterns accounted for 54.5% of the 2,795 mutant sequences (Table 1) , and 523 additional patterns accounted for the remaining 45.5% mutant sequences (Fig. 1 ). Of these additional 523 patterns, 204 (677 sequences) had one of the top 30 patterns plus one additional drug resistance mutation.
The top 30 PI patterns were associated with decreased susceptibility (Ͼ2.5-fold increase in the 50% inhibitory concentration [IC 50 ] of drug) to a median of five PIs (Table 1) . These patterns included mutations at 12 of 14 nonpolymorphic PI resistance positions and had a median of 2.5 PI resistance mutations: 7 patterns with 1 mutation, 8 patterns with 2 mu- NRTI patterns. Among the 6,156 RT sequences, 4,517 (73.4%) had a mutation at 1 or more of the 18 NRTI resistance positions. Of these sequences, 428 (9.5%) had a mixture of two mutations at the same position and were excluded from analysis. The top 30 NRTI patterns accounted for 46.0% of the 4,089 mutant sequences (Table 2) , and 1,090 additional patterns accounted for the remaining 54.0% of mutant sequences (Fig. 1 ). Of these additional 1,090 patterns, 250 (784 sequences) had 1 of the top 30 patterns plus 1 additional drug resistance mutation.
The top 30 NRTI patterns were associated with decreased susceptibility (Ͼ1.4-fold to Ͼ4.5-fold increase in IC 50 depending on the drug) to a median of three of six NRTIs (Table 2) . These patterns had a median of three NRTI resistance mutations: five with one mutation, eight with two mutations, five with three mutations, five with four mutations, five with five mutations, and one each with six and seven mutations. The remaining 1,090 patterns had a median of 5 NRTI-resistance mutations (data not shown).
M184V was the most common NRTI resistance mutation, occurring alone in 17.4% of mutant sequences and in 16 patterns. T215Y occurred with the next-highest frequency and was in 14 patterns. Mutations at positions 65, 75, 77, 115, 116, and 151 did not occur among the top 30 patterns. Each of the top 30 patterns was common in the first and second halves of the study (data not shown), although significant increases were observed in the patterns A62V/M184V (P Ͻ 0.001) and T69N (P ϭ 0.001). K65R was in 1.6% of mutant sequences, occurring alone in 10 sequences and in combination with M184V in 18 sequences, in combination with Q151 M in 15 sequences, and in combination with M184V and Q151 M in 8 sequences. The frequency of K65R increased from 1.2 to 1.9% between the first and second halves of the study (P value not significant). NNRTI patterns. Among the 6,156 RT sequences, 2,658 (43.2%) had a mutation at one or more of the 15 NNRTI resistance positions. Of these sequences, 132 (5.0%) had a mixture of two mutations at the same position and were excluded from analysis. The top 30 NNRTI mutation patterns accounted for 66.2% of mutant sequences (Table 3) , and 381 additional patterns accounted for the remaining 33.8% of mutant sequences (Fig. 1) . Of these additional 381 patterns, 210 (503 sequences) had 1 of the top 30 patterns plus 1 additional drug resistance mutation.
The top 30 NNRTI patterns were associated with decreased susceptibility (Ͼ2.5-fold increase in IC 50 of drug) to a median of three NNRTIs (Table 3) . These patterns had a median of 2 NNRTI resistance mutations: 14 with 1 mutation, 13 with 2 mutations, and 3 with 3 mutations. The remaining 381 patterns had a median of 3 NNRTI resistance mutations (data not shown).
K103N was the most common NNRTI resistance mutation, occurring alone in 18.2% of sequences and in 12 of the remaining patterns. The top 30 patterns included mutations at 13 of the 15 NNRTI resistance positions. Mutations at positions 227 and 236 were uncommon, occurring in 62 and 4 sequences, respectively. Four of the patterns-K103R, V106I, K101R, and K238R-are polymorphisms that do not occur with increased frequency in persons receiving NNRTIs and do not confer phenotypic resistance (Table 3) . There was no significant change in the NNRTI resistance patterns between the first and second halves of the study (data not shown).
Consistency of drug susceptibility results within each pattern. With the exception of atazanavir and tenofovir, multiple drug susceptibility results were available for most patterns of drug resistance mutations (Table 4 ). The mean absolute deviation in resistance (n-fold) from the median susceptibility for each pattern ranged from 0.05 log 10 (1.1-fold) for stavudine and didanosine to 0.32 log 10 for delavirdine (2.1-fold), suggesting that results were consistent within most patterns of drugresistance mutations. b Median susceptibility results (n-fold) for isolates with matching patterns of drug resistance mutations. The subscript is the number of samples for which susceptibility results are available. Results that are Ն2.5-fold the wild-type control result are shown in bold. Abbreviations: NVP, nevirapine; DLV, delavirdine; EFV, efavirenz.
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Conclusions. In this sample of Ͼ6,000 sequences from nearly 4,200 persons, the top 30 PI, NRTI, and NNRTI mutation patterns accounted for 55, 46, and 66%, respectively, of all sequences with drug resistance mutations. A much larger number of mutation patterns, however, were required to account for the remaining mutant sequences. Studies that examine the clinical significance of drug resistance mutations should focus on the commonly occurring patterns of mutations that we identified in this analysis, because they affect the largest numbers of patients and form the foundation for many of the more complex patterns.
Although about one-third of patients had more than one sequence, clustering of patterns within patients did not explain the observed patterns, because nearly identical patterns were observed in analyses that considered only one sequence per patient (Tables 1 to 3 a For 67% of mutant isolates, the 3TC IC 50 was above the limit of detection of the assay and was censored at 200-fold, making it impossible to examine the consistency of results for most patterns. Abbreviations: ZDV, zidovudine; D4T, stavudine; TDF, tenofovir; ABC, abacavir; DDI, didanosine; 3TC, lamivudine; NVP, nevirapine; DLV, delavirdine; EFV, efavirenz; NFV, nelfinavir; SQV, saquinavir; IDV, indinavir; RTV, ritonavir; APV, amprenavir; LPV, lopinavir; ATV, atazanavir.
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